Abstract Traditional component manufacturing systems have been optimized for either small scale craft production or for mass production of a small variety of high volume parts. Trends towards intermediate volumes and larger variety of parts have exposed the need for intelligently embedding flexibility in manufacturing systems and processes. The literature offers only few attempts to value component fabrication flexibility in a systematic way. In this article a 5-step framework for valuing flexibility and ranking of manufacturing processes under uncertainty is developed. A discrete time simulation is used to predict profit, remaining tool value and machine utilization as a function of three probabilistic demand and specification scenarios. A case study demonstrates the simulation and contrasts both a high volume (automotive) and a low volume (aerospace) market situation across six different processes ranging from punching to laser cutting. It is found that for intermediate, uncertain production volumes alternative manufacturing processes that embed flexibility carefully in one or more dimensions can outperform traditional processes that are either completely nonflexible (e.g., stamping) or completely flexible (e.g., laser cutting). It is also shown that flexibility in parts manufacturing is a complex topic because flexibility can be embedded in the parts themselves, in tooling or in the process parameters.
Introduction
Typically, component or parts fabrication is associated with a number of manufacturing processes such as stamping, milling or laser cutting. The traditional metrics for assessing competing processes are quality, cost and production rate. Forming technology and machining, e.g., can be compared based on process capability, fixed cost for equipment and tooling as well as per unit cost as a function of production volume. Increasingly, however, market driven uncertainties are starting to dominate the design and selection of fabrication processes. To cover a wide spectrum of characteristics between extreme markets, such as the automotive and the aerospace industry, special consideration must be given to flexibility. The aerospace industry on one side is characterized by low production volumes and large volatility in year-to-year demand. On the other side is the automotive market with high volumes and rather precise production forecasts. Consideration of those two extreme markets will help approach the problem of valuing flexibility from different sides.
Intermediate production volumes are increasingly important due to trends such as market fragmentation, mass customization (Pine, 1993) and product platforming (Simpson, Siddique, & Jianxin, 2006) . Two types of exogenous uncertainties are of particular interest: demand fluctuations and component specification changes. We will argue that these two aspects have exposed the need for embedding more flexibility in manufacturing systems and processes. The questions are then where and how much flexibility is needed, and how much benefit and cost can be expected under various production capacity and component specification scenarios.
Capacity
The capacity of a production facility can be measured as the number of units that can be produced per time unit. Sizing of capacity is primarily driven by the expected demand for particular types of components. Craftsmanship-type processes are flexible, but only competitive for small volumes. Highly automated processes have high capacity, but require large investments in tooling and machinery and are only economical for large volumes.
In Fig. 1 hypothetical cost curves depending on the number of produced parts of two manufacturing process technologies (e.g., stamping and machining) are compared. Stamping has higher fixed costs for tooling than machining, but therefore, has lower variable production costs, especially at a higher output rate. So, there exists an intersection point at production volume N . If the expected distribution of the demand p(n) is like in case i (see Fig. 1 ), it is clear that a firm will use the 'machining' process. On the other hand, if the demand is distributed as shown in case ii, there is no question that 'stamping' will be more profitable. The crucial question now is, which process technology should be chosen if the demand is distributed around N (demand distribution iii = intermediate volume situation). One possible solution to this problem is to search for a new process whose total costs at the production quantity N are lower than those of the other two processes.
Component specifications
The primary specifications of structural components consist of geometrical dimensions, material selections, surface finish and tolerances among others. A bicycle manufacturer, for example, will carefully specify the frames of the bicy- Fig. 2 Manufacturing processes and the tradeoff between productivity, switching time and cost structure cles using these attributes. However, different parts may be used to fulfill specific functions in their 'racing', 'mountain' and 'recreational' bike models. Such variety in models requires frequent part and specification changes, in addition to lower and more uncertain production volumes of standardized parts. Some manufacturing processes are inherently more flexible than others in terms of accommodating such specification changes.
In Fig. 2 high speed machining, forming technology, punching, casting, prototyping, and laser beam cutting are compared qualitatively to each other according to their process switching time, their productivity and their ratio of variable to fixed costs. We know from experience that the more to the left a process is located in Fig. 2 , the easier switching from manufacturing one part to another can be (important for a large product mix). The higher a process is placed in this chart the easier new parts can be added to the current product range (important for a fast changing product mix). Processes placed lower on that axis require more fixed investments, specifically for tooling.
The third dimension, productivity, captures how many units per time can be manufactured with a given process technology and machine. The further towards the front a process is located, the higher its output rate. An ideal process would be located in the upper left front corner of this chart. Which of these processes should be chosen in a given situation? Can there be other processes that strike a careful compromise between efficiency and flexibility and might be superior to the ones shown? Finding answers to these questions is the purpose of this paper.
In the next section we first give a brief overview of relevant literature in the area of flexible component fabrication. This will clarify different types of flexibility, but does not help us value and decide whether flexibility is worthwhile implementing in a particular situation. Section 'Flexibility Evaluation Framework' introduces a 5-step flexibility evaluation framework for parts manufacturing. The approach is demonstrated in Section 'Case study' using a simple case
